Patients with cephalic neurocristopathy (an abnormality of neural crest differentiation) present a striking pattern of associated cardiovascular anomalies (CVA). Therefore, to support the hypothesis that esophageal atresia (EA) may be related to a defective contribution from the cephalic neural crest, we studied the pattern of CVA associated with EA. Medical records of 99 patients with isolated EA, 101 with isolated anorectal malformations (ARM) and 15 with both EA and ARM, consecutively admitted to our unit, were reviewed. The prevalence and pattern of CVA associated with isolated EA or isolated ARM were compared on the assumption that the cranial or caudal location of a major malformation is related to a different regional patterning of associated anomalies. The prevalence of CVA was 39% in patients with isolated EA and 7% in those with isolated ARM (p Ͻ 0.01). Neural crest-related CVA (aortic arch anomalies, conotruncal defects, and superior vena cava malformations) accounted for 72% of all CVA in patients with isolated EA versus 14% in those with isolated ARM (p Ͻ 0.02). In patients with isolated EA, anomalies of the fourth and sixth aortic arch derivatives accounted for 75% of all neural crest related CVA. The present pattern of CVA in infants with EA supports the concept that EA may be related to an abnormal contribution from caudal portion of cephalic neural crest. Nearly all infants with EA present with clinical manifestations of a maturational dysautonomia (1). The autonomic disturbances are similar to those found in infants with PierreRobin or Di George syndromes, which are considered pharyngeal arch syndromes related to a cephalic neurocristopathy (an abnormality of cephalic neural crest differentiation) (2). In addition, Ͼ90% of patients with EA present with one or more minor facial anomalies, which are considered markers of an abnormal developmental activity of the cephalic neural crest (3). These findings, i.e. the association with maturational dysautonomia and facial anomalies, suggest that EA should be included among the pharyngeal arch neurocristopathies (3).
Patients with cephalic neurocristopathy (an abnormality of neural crest differentiation) present a striking pattern of associated cardiovascular anomalies (CVA). Therefore, to support the hypothesis that esophageal atresia (EA) may be related to a defective contribution from the cephalic neural crest, we studied the pattern of CVA associated with EA. Medical records of 99 patients with isolated EA, 101 with isolated anorectal malformations (ARM) and 15 with both EA and ARM, consecutively admitted to our unit, were reviewed. The prevalence and pattern of CVA associated with isolated EA or isolated ARM were compared on the assumption that the cranial or caudal location of a major malformation is related to a different regional patterning of associated anomalies. The prevalence of CVA was 39% in patients with isolated EA and 7% in those with isolated ARM (p Ͻ 0.01). Neural crest-related CVA (aortic arch anomalies, conotruncal defects, and superior vena cava malformations) accounted for 72% of all CVA in patients with isolated EA versus 14% in those with isolated ARM (p Ͻ 0.02). In patients with isolated EA, anomalies of the fourth and sixth aortic arch derivatives accounted for 75% of all neural crest related CVA. The present pattern of CVA in infants with EA supports the concept that EA may be related to an abnormal contribution from caudal portion of cephalic neural crest. Nearly all infants with EA present with clinical manifestations of a maturational dysautonomia (1). The autonomic disturbances are similar to those found in infants with PierreRobin or Di George syndromes, which are considered pharyngeal arch syndromes related to a cephalic neurocristopathy (an abnormality of cephalic neural crest differentiation) (2) . In addition, Ͼ90% of patients with EA present with one or more minor facial anomalies, which are considered markers of an abnormal developmental activity of the cephalic neural crest (3). These findings, i.e. the association with maturational dysautonomia and facial anomalies, suggest that EA should be included among the pharyngeal arch neurocristopathies (3) .
To test this hypothesis, we studied, in a large series of patients with EA, the prevalence of aortic arch and conotruncal heart anomalies, which are considered the most distinctive CVA of Di George syndrome (4 -6) . These defects appear to be related to an abnormal participation of the cephalic neural crest, inasmuch as ablation of cardiac neural crest, in chick embryos, invariably results in aortico-pulmonary septation defects associated with anomalies of the great arteries (7-10).
METHODS
The records of 114 patients with EA and 116 with ARM, consecutively admitted to our unit between 1967 and 1998, were retrospectively reviewed. We decided to compare the prevalence and the pattern of CVA associated with EA with those associated with ARM, on the assumption that these two abnormalities should have a different pattern of associated anomalies. Actually, abnormal development of the cephalic neural crest may result in face, thymus, thyroid, parathyroid, and heart anomalies (4 -10), whereas a dysmorphogenetic event affecting the caudal region is related to "caudal regression syndrome" that includes sacral, anorectal, urogenital, and lower limb anomalies (11) (12) (13) (14) . This concept is supported by experimental studies on vertebrates indicating that the ho-meobox gene complexes that play a key role in embryonic development of the foregut are different from those expressed in the developing hindgut (15) . Because many patients may have an "axial mesodermal dysplasia spectrum" (12) , which is a feature both of the pharyngeal arch and caudal regression syndromes, we divided the patients in three groups as follow: 1) 99 with isolated EA; 2) 101 with isolated ARM; and 3) 15 with both EA and ARM.
CVA were diagnosed by means of echocardiography, cardiac catheterization, intraoperative, and, when available, postmortem findings. When diagnosed only on the basis of physical examination, chest roentgenogram, or ECG, CVA were considered as not ascertained. In patients with two or more defects, CVA was considered as the most embryogenetically distinctive or hemodynamically significant defect. No defect was counted twice.
CVA were classified as neural crest-related and non-neural crest-related. The former included aortic arch and conotruncal anomalies (4 -10). We classified ventricular septal defect as membranous or muscular. The membranous part of the interventricular septum is derived from the cardiac neural crest, whereas the muscular part is derived from the mesenchyme, which is not related to the cardiac neural crest (16) . Among the neural crest-related CVA we included not only the membranous ventricular septal defect but also patent ductus arteriosus inasmuch as the cephalic neural crest cells play a role in its mechanism of closure (17) . Finally, we considered the anomalies of superior vena cava as possibly neural crest related because, recently, the cephalic neural crest was reported to contribute to the media of anterior cardinal veins (18) .
The differences in prevalence and pattern of CVA were tested by means of 2 test, applying Yate's correction.
RESULTS
Prevalence of CVA. CVA were found in 39 out of 99 (39%) and in 7 out of 101 (7%) patients with isolated EA and isolated ARM, respectively (p Ͻ 0.01). Of the 15 patients with EA and ARM, 8 presented with CVA (53%).
Pattern of CVA. The pattern of CVA found in 39 patients with isolated EA, in 8 with EA and ARM, and in 7 with isolated ARM are shown in Table 1 .
In patients with isolated EA, neural crest-related CVA accounted for 72% of all CVA, whereas in those with isolated ARM they represented 14% of all the defects (p Ͻ 0.02). In patients with both EA and ARM, neural crest-related CVA were 75% of all CVA.
In patients with isolated EA, anomalies of the fourth and sixth aortic arch derivatives accounted for 75% of all neural crest-related CVA; the most common aortic arch anomaly was a patent ductus arteriosus (43%). The aortic arches anomalies were not associated with conotruncal defects.
DISCUSSION
Prevalence of CVA. In the present series, the prevalence of CVA in patients with EA, a malformation located in the cephalic region, was found to be significantly higher than that in patients with ARM, a malformation located in the caudal region.
The reported prevalence of CVA in patients with EA ranges between 11% and 49% (19 -24) . The prevalence in our series (39%) is rather high, probably because we also included the less significant CVA, such as aberrant subclavian artery or left superior vena cava. These latter CVA are not important from a hemodynamic point of view but may be embryogenetically related to an abnormal development of the cephalic neural crest derivatives. An analysis of a series of patients with ARM reported in the literature documented a prevalence of CVA ranging from 3% to 22% (25, 26) . The rather low prevalence of CVA in our series of patients with ARM is probably due to the fact that we have considered separately those cases with ARM associated with EA.
The difference in prevalence of CVA in those patients with isolated EA and isolated ARM supports the assumption that a cephalic or caudal location of an early embryonic defect results in a region-specific prevalence of CVA.
Pattern of CVA. Classifying the CVA found in the 215 patients in our series according to their embryogenesis, we found that about 72% of all cases of CVA in patients with isolated EA were neural crest related.
The correlation between pattern of CVA and neurocristopathy in patients with EA had not been revealed by previous studies, mainly because CVA had been classified on an anatomical basis, indicating each individual defect (19 -24) . However, retrospective classification of the CVA in those series according to an embryogenetic rather than an anatomic scheme revealed a prevalence of neural crest-related CVA around 
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70%. In only one study (21) was the calculated prevalence of neural crest-related CVA much lower (36%) than that found in the present series of patients. The explanation for this discrepancy is that minor abnormalities, such as persistent left superior vena cava or aberrant subclavian artery or right aortic arch, were not listed and were therefore probably included in the group of "others." Furthermore, in the review of previous series, we always considered ventricular septal defect (VSD) as not related to the neural crest, inasmuch as the distinction between a membranous defect and a muscular defect was not reported.
The prevalence of neural crest-related CVA is probably underestimated also in the present study, because minor abnormalities are virtually undetectable unless angiography or postmortem examinations are performed. For instance, in a study on heart-lung specimens (27) , a common origin of carotid arteries has been found in about 50% of infants with EA. A similar prevalence of common origin of carotid arteries has been found in infants with Di George syndrome (27) .
The high prevalence of neural crest-related CVA in our series of patients with EA is similar to that reported in series of patients with Di George syndrome (4 -6), suggesting a common etiology. This hypothesis appears feasible inasmuch as rats with experimental EA, induced by adriamycin, show a similar prevalence of neural crest-related CVA associated with thymus and parathyroid anomalies (28) . This cluster of defects, which mimics Di George syndrome, is similar to that induced by ablation of the cardiac neural crest (9) .
The EA patients in the present series, in comparison with patients with Di George syndrome (third and fourth pharyngeal arch syndrome), show a similar prevalence but a different pattern of neural crest-related CVA. Indeed, in a collected series of 151 patients with Di George syndrome, 61 out of 136 patients with neural crest-related CVA presented with fourth and sixth aortic arch anomalies (6) . This percentage (45%) is much lower than that (75%) found in the present series of patients with EA (p Ͻ 0.01). In particular, 9 out of 28 patients with neural crest-related CVA presented with a patent ductus arteriosus versus 5 of 136 patients with Di George syndrome (p Ͻ 0.001).
In the present patients with EA, unlike those with Di George syndrome, aortic arch anomalies were not associated with a conotruncal defect, indicating that development of aortic arch artery and heart morphogenesis can be quite independent. These findings were unexpected inasmuch as ablation of the cardiac neural crest invariably causes conotruncal and aortic arch anomalies (10) . However, similar results were obtained in chick embryos by antisense treatment of the cardiac neural crest to inactivate paralogous groups of Hox messages with their anterior expression domains in the third, fourth, and sixth pharyngeal arches (10) . A possible explanation is that the message blockade acts over a limited period of time and may no longer be effective when the neural crest cells reach the outflow tract. Alternatively, the role of cardiac neural crest cells may be patterning in the development of the pharyngeal arches but not patterning in the development of the heart (10).
All pharyngeal arches receive neural crest cells emanating from the cardiac neural crest (somite 1 to 3) . However, the sixth arch, which gives rise to the ductus arteriosus, has a unique identity because only the sixth arch retains Hox 2.1 (Hoxb-5) expression (29, 30) . This restricted population of Hoxb-5 positive neural crest cells is not present in the mouse cardiac neural crest but is restricted to the cell population in the sixth arch. In this region, positive cells also reach a mesenchymal cell population on the lateral aspect of the foregut, which is continuous with the pharyngeal arch 6 region (29) . These data suggest that an anomalous contribution of this restricted population of Hoxb-5 positive neural crest cells may play a role in the pathogenesis of EA and caudal aortic arch anomalies. Actually, many structures of the proximal esophagus are derived from the caudal pharyngeal arches, including striated muscle, recurrent pharyngeal branches of the vagus, and inferior thyroid artery (31) .
This hypothesis is further supported by genetically engineered mice experiments. A disruption of Hox 1.5 (Hoxa-3), results in a phenotype, which includes thymic, thyroid, parathyroid, craniofacial, and aortic arch anomalies (including patent ductus arteriosus) (32) . In this animal model, classic conotruncal defects were not seen, whereas a disorganization of the muscle surrounding the esophagus was found. Furthermore, Hoxc-4 disruption, associated with alterations in transcription of both Hoxc-5 and Hoxc-6, may result in a phenotype characterized by partial or complete obstruction of the esophageal lumen, disorganization of esophageal striated muscle, and malformations of thoracic vertebrae (33) . No cardiac defects were found in this animal model.
We conclude that, because the Di George syndrome is considered a neurocristopathy of the third and fourth pharyngeal arches, EA and associated CVA should be considered the result of a fourth and sixth pharyngeal arches neurocristopathy. The present data suggest the need for further studies to specifically investigate the role played by the cephalic neural crest in the pathogenesis of EA.
